Abstract-This paper reports a compact Fourier transform spectrometer system with a large-stroke electrothermal microelectromechanical systems (MEMS) mirror and other optical components all integrated on a micromachined silicon optical bench with the footprint of 2 cm × 2 cm. The linear optical path difference (OPD) scan range generated by the MEMS mirror reaches up to 450 µm, and the tilting of the mirror plate is reduced down to <±0.002°by using a new openloop control method. A spectral resolution of 40 cm −1 , or 1.1 nm at 532 nm, has been achieved. The overall size of the system is reduced dramatically and the performance is improved significantly compared with the prior work.
I. INTRODUCTION

F
OURIER Transform Spectroscopy (FTS) provides a widespread solution for measuring the spectra of various biological and chemical agents with high resolution and large spectral range. However, many conventional FTS systems have historically been bulky and expensive, and mostly for lab use only. To meet the requirements of small size and fast response for portable and on-site applications, it becomes highly demanding to develop miniature FTS systems that can enable real-time, in-field analysis in many environments such as national border checkpoints and in natural or manmade hazardous conditions [3] , [4] . FTS is mainly based on a Michelson interferometer with one movable mirror and one fixed mirror in its two optical path arms respectively. The scanning of the movable mirror produces a specific interferogram, from which the spectrum of the light transmitted through or scattered back from a sample can be extracted using Fourier transform. In principle, the Fourier Transform of the interferogram yields the spectrum whose resolution is inversely proportional to the movable mirror's scan range. The larger the linear scan range of the movable mirror, the finer the achievable spectral resolution is. Essentially, the key of miniaturizing a FTS is to minimize the size of the movable mirror and its mount and control module without seriously compromising the scan range and overall optical performance. Several MEMS micromirror based approaches have been developed for making miniature FTS systems [5] - [9] . U. Wallrabe et al. developed an FTS system based on electromagnetic actuator created through LIGA fabrication, which achieved a spectral resolution of 24.5nm at 1540nm, corresponding to 144 cm −1 with the mirror scan travel of 54μm [5] . K. Yu et al. reported a micromachined FTS based on an electrostatic comb drive-actuated sidewall micromirror and an on-chip silicon beam splitter, demonstrating a spectral resolution of 45 nm at 1550 nm, corresponding to 195 cm −1 with a 25 μm mirror scan range at 150 V [6] . T. Sandner et al. proposed another electrostatic micromirror which was capable of a maximum ±600 μm displacement at 50 V but that large displacement was obtained when working in vacuum of 30Pa and at resonance mode [7] . L. Wu et al. demonstrated a lateralshift-free (LSF) electrothermal bimorph micromirror with a ∼0.9 mm vertical displacement at less than 4V, but there still existed a large tilting (0.38°) during the piston scanning even after compensated with the optimized ratio voltage method [8] . Then, W. Wang et al. employed a meshed inverted-seriesconnected (ISC) electrothermal bimorph actuator design and increased the actual usable range up to 32% of the full maximum scan range of the micromirror, which only achieved 95μm OPD scanning [9] . S. R. Samuelson et al. reported a piston motion micromirror with laddered ISC electrothermal actuator array for lower tilting application without compensation, which showed 0.25°tilt at 90 μm piston displacement [10] . Thus, limited linear scan range and undesired tilting during micromirror piston scanning are still two of the most significant issues in FTS minimization. To overcome the limited linear scan range due to the mirror plate tilting effect, we introduced a new open-loop control method [1] . Compared to our previous works mentioned above, as shown in Table 1 , with the new method, the mirror plate tilting angle is much reduced and the usable OPD is increased.
In this paper, we proposed a centimeter-sized Michelson interferometer which integrates a large-stroke electrothermal movable micromirror with such an open loop control and other optical components on a micro-machined silicon optical bench (SiOB), as shown in Figure 1 . The MEMS mirror is first mounted on a silicon holder which is precisely assembled to the SiOB via a mortise and tenon connection. Both the silicon holder and SiOB are micro-fabricated. Thus a precise optical alignment can be achieved in such a miniature system. Some preliminary results were reported at Transducers 2015 [1] . This paper is organized as follows. First, the MEMS mirror design and fabrication will be described. Then the open-loop control of the tilting of the MEMS mirror is detailed. After that the FTS assembly process and spectral measurement results are presented.
II. MEMS MIRROR DESIGN & FABRICATION
Electrothermal bimorph actuation is accomplished by temperature change via Joule heating that results from applying electrical current to the heater integrated into the bimorphs. The bimorphs are composed of two layers with different coefficients of thermal expansion (CTEs), as shown in Figure 2 (a). Upon a temperature change, T , a stress is generated due to the difference of the CTE ( α) of the two bimorph layers, and thus causes the bending of the bimorph structure. According to the theoretical analysis, the bending angle of the bimorph being actuated is given by [11] :
where β b is the curvature coefficient, and l and t are respectively the length and thickness of the bimorph. Al and SiO 2 are chosen as the two bimorph layers for their large CTE difference which can lead to large actuation. The employed LSF bimorph actuator consists of two segments of siliconbacked rigid beams and three segments of Al/SiO 2 bimorphs, as shown in Figure 2 (b). This design can generate large vertical displacements without any lateral shift of the mirror plate [8] .
A combined bulk and surface micromachining process flow of device fabrication is briefly outlined in Figure 3 . It starts from patterning the 1 μm-thick PECVD SiO 2 layer with wet BOE etch, followed by Pt sputtering and lift-off to form the heater layer on a SOI wafer ( Fig. 3(a) ). Then a thin SiO 2 layer is deposited as the isolation, followed by a 1μm Al layer sputtering and lift-off ( Fig. 3(b) ). Up to this step, both bimorph materials for the bimorph structure have been deposited. After that, another PECVD SiO 2 layer, patterned by reactive ion etch (RIE), is performed to define the bimorph actuator topology and also used as the deep RIE (DRIE) etching mask in the release step ( Fig. 3(c) ). Then a second Al layer is deposited and patterned with lift-off to form the mirror surface ( Fig. 3(d) ). Next, the process turns to the backside of the SOI wafer. A backside silicon DRIE is first performed to etch the silicon all way to the buried oxide (BOX) layer and then the BOX layer is removed with RIE to form the release cavity under the mirror plate ( Fig. 3(e) ). Finally, a front-side silicon anisotropic DRIE is performed to etch through the device layer ( Fig. 3 (f)), followed by isotropic DRIE to undercut the silicon underneath the bimorphs to complete the device release ( Fig. 3(g) ). Figure 4 shows an SEM of a fabricated MEMS mirror, where the initial elevation of the pop-up mirror plate is about 672 μm. Due to process variations in fabrication, the initial elevations of different devices may vary from 500 μm to 700 μm. This elevation is caused by the thin film intrinsic stress and thermal residual stress generated during fabrication as well as the amount of residual silicon after the last step's silicon undercut. The mirror plate and the device footprint are 1mm×1mm and 3mm×3mm, respectively. There are two LSF bimorph actuators attached on two sides of the mirror plate.
Note that from Figure 4 there is a frame separating the central mirror plate from the connection points of the LSF actuators. The mirror plate tilt is caused by the difference between the two LSF actuators. For a given actuation difference, the larger the distance between the two actuation points is, the smaller the tilt will be. Thus this mirror design with a frame is to help on reducing the original tilting angle (uncompensated). We could simply extend the mirror plate size to 2mm × 2mm, but that would increase the mass of the mirror plate and reduce the resonance frequency. Based on finite element simulation, the 1 st order resonance frequency would be reduced from 181 Hz to 135 Hz if a 2mm × 2mm mirror plate size is used.
Characterization of the fabricated device has been performed. The measured static response in piston motion is shown in Figure 5 (a), where a 650μm vertical displacement is achieved at only 6 Vdc. Figure 5 (b) shows the frequency response, where the measured resonance frequency of the first piston mode is 164 Hz. Also, the dynamic response in tiptilt mode of the mirror under step-signal excitation is shown in Figure 5 
III. OPEN-LOOP CONTROL OF THE MEMS MIRROR
In theory, the displacement of the electrothermally actuated MEMS is linearly proportional to the power of Joule heating, i.e. U 2 /R, where U is the driving voltage, and R is the resistance of embedded Pt heater in the bimorphs [9] . Due to process variations, the resistances of the two actuators are slightly different, e.g., 420 and 402 for this device. Also the stress distributions in each bimorph may have a small discrepancy, which will result in a responsivity difference between the two bimorph actuators. Consequently, the mirror plate will have a small tilt when the same voltage is applied to both actuators. As the red line shown in Figure 6 , the original tilting angle of the mirror plate reaches to 0.3°at 3.5V, and the blue line indicates the residual tilting after being compensated by open loop control which will explained later. For a Michelson interferometer based FTS system, the mirror plate tilting largely deteriorates the interferogram and leads to usable scan range limitation and spectral resolution degradation.
According to the classic optical analysis, the maximum allowable tilt without significant loss of interferogram fringe modulation occurs during the mirror scanning in FTS systems is given by [12] 
where D is the light beam diameter, and v max is the wavenumber of the light source. In the case of D = 0.1cm (the aperture limited by the mirror plate), v max = 15800cm −1 (red laser), a tilt angle no more than 0.0017°is desirable for no resolution degradation. As the allowable tilting angle is inversely proportional to the wavenumber, lower wavenumbers or longer wavelengths can tolerate larger tilting angles. Therefore, the tilting effects on the FTS system performance are more pronounced in the high wavenumber spectral range than those in the low wavenumber spectral range such as NIR and MIR.
To minimize the tilting and enlarge the usable vertical scan range, we employ an open-loop control method. As sketched in Figure 7 , a programmable microcontroller is used for driving and controlling the MEMS mirror.
It is a two-step process: the first step is to generate a pair of drive signals in a closed-loop control setting; the second step is to directly use the drive signals generated in the first step without closed-loop control. Two voltage output channels of a TI MSP 430 microcontroller unit (MCU), CH1 and CH2, are connected to the two actuators respectively. A positionsensitive detector (PSD) (OT-301DL, On-Trak Photonics, Inc.) with an active area of 10mm×10mm is employed for tracking the mirror plate titling by monitoring the position of the laser spot (diameter, 1mm) reflected from the MEMS mirror. The output on CH1 is a standard driving signal U (t) applied to one LSF actuator. Meanwhile, a PID controller is implemented in the MCU to generate a corrected driving signalŨ (t) on CH2, applied to the other LSF actuator. Figure 8 briefly shows the working principle of the PID controller.
In Figure 8 , P(t) is the PSD output which indicates the actual position of the laser spot on the PSD, and P 0 is a reference value indicating the locking position of the laser spot on the PSD. The error e(t) is a measure of the residual tilting of the MEMS mirror plate. According to the classic theory of the PID controller, the proportional term can reduce the tilting effect by producing an output proportional to the error value representing the current tilt angle, but the steady-state error still exists, which can be eliminated by the integral term. Also, the derivative term, representing the speed of the tilting helps to increase the stability of the system. The values of K P , K I and K D are manually tuned based on a basic second order model identified via the Matlab toolbox.
Based on the output of the PSD P(t) on each time point, the controller will generate a corrected signalŨ (t) on CH2 when a pre-set signal U (t) is connected to CH1, so the laser spot will be stabilized at the pre-set position on the PSD, which means the tilting of the mirror plate is compensated effectively while being actuated. In fact, the tilting may be affected by various external factors, such as environmental vibrations, which may disturb the tilting compensation. In this respect, a real-time closed-loop control method may provide more robust control. However, as shown in Fig. 7(a) , the feedback mechanism will definitely drastically increase the size of the MEMS FTS system. Nevertheless, if we record the corrected driving signal generated by the PID controller and apply it to drive the MEMS mirror in open loop, the tilting can still be compensated without the PSD feedback mechanism. Just as the blue line curve shown in Figure 6 , the mirror plate tilting is greatly reduced by a factor of 10 2 . Note that the extended frame design shown in Fig. 4 can reduce the uncompensated origin tilting by a factor about 2. Thus the tilting reduction is mainly attributed to the open-loop control method. Figure 9 shows the residual tilting compensated by applying a pair of recorded, corrected drive signals. The abrupt tilting at high voltage level is diminished comparing to our prior result [1] . The overall mirror plate tilting is reduced down to within ±0.002°which meets the minimum requirement of the interferometer. So the open loop control method is practicable to our MEMS FTS system. 
IV. FTS ON SILICON OPTICAL BENCH
With the MEMS fabricated and well controlled, a miniaturized Michelson interferometer based FTS on a SiOB can be assembled. The SiOB with the size of 2cm×2cm is fabricated by standard micro machining. The process flow is shown as Figure 10 .
As shown in Figure 11 (a), the Al patterned alignment lines and positioning mortises on the SiOB provides a precisely solution for assembling the components of the Michelson interferometer based FTS. The square hole in the center of the bench fits a 1cm×1cm sized beam splitter exactly. Also the numbers indicate the distances from the center of the beam splitter to each positioning mortises.
The MEMS micromirror is mounted and wire-bonded on a 0.7cm ×1cm sized silicon holder for easy handling, which is also fabricated by the same process as the SiOB. As shown in Figure 11 (b), there is a tenon structure that fits the mortise on the SiOB for easy and accurate assembling. Meanwhile, another silicon holder only with pure Al coating surface is used as the fixed mirror as shown in Figure 11 (c) . Figure 12 shows the procedure of assembling a compact FTS module on a SiOB. Firstly, the tenon of the silicon holder with the MEMS mounted is inserted to the mortise on the SiOB with a low-stress glue (NOA65, Norland Products, Inc.) applied ( Fig.12 (a) ). Then a laser is aligned perpendicular to the mirror plate on the SiOB, followed by gluing on the connection for strong fixation (Fig.12 (b) ). The beam splitter is placed in the central cavity and adjusted slightly before being fixed by gluing to make sure the perpendicularity between the two optical arms (Fig.12 (c) ). Next, the fixed mirror holder is inserted on the SiOB the same way as in the first step, as shown in Fig.12 (d) , and a beam expander is employed for light spots observation. Before the fixed mirror holder is glued completely, repeated adjustments on the pitch and yaw may be needed. Even a slight misalignment introduced during the assembling can be easily monitored by observing the interference pattern through the beam expander, as shown in Fig.12 (e) . The employed low-stress glue permits continuous adjustment of the alignment until the concentric rings pattern is formed when it is well aligned as shown in Fig.12 (f) . Extra gluing is used for increasing the fixation strength. At this point, the MEMS holder, fixed mirror, and a beam splitter are all integrated onto the SiOB firmly to constitute a compact FTS module as the photo shown in Figure 13 .
The misalignment, including the extra tilting between the MEMS mirror and the fixed mirror as well as the perpendicularity error between the silicon holders and the SiOB, is inevitable during the assembling process. The observation of the interference pattern helps us to minimize this perpendicularity error as much as possible, but it may still exist even when the concentric rings in Fig. 12(f) are formed. The extra titling introduced will reduce the contrast of the interference fringes and decrease the amplitude of the signal as well as the SNR, especially at the high wavenumbers range [12] . Fortunately, this built-in extra tilting only generates an offset instead of a random variation during the operation of the system. So it can be compensated by data processing. Figure 14 is a photo of a matchbox-sized FTS on SiOB, and the corresponding optical layout is sketched in Figure 15 . The red laser light source (LS-R) and green light source (LS-G) are combined by the first beam splitter (BS) and directed into the Michelson interferometer on SiOB, where the combined light beam is split into two beams which are reflected back respectively from a fixed mirror (FM) and the MEMS mirror (MM) and then re-combined as a single beam by the second BS. After that, the third BS directs half of the optical power to the first photodiode (PD-T) which picks up the interferogram of the combined light and the other half to a dichroic filter which only lets the red laser pass through to the second photodiode (PD-R). The red laser here is introduced as the reference light for spectrum calibration to overcome the variable velocity of the mirror [9] , which will be discussed in detail later.
V. FUNCTIONAL DEMOSTRATION
A. Experimental Setup
For demonstration purpose, a red He-Ne laser (632.8 nm) is used as the reference light, and a green laser (532 nm) combined with the red laser together are used as the testing light to be measured. Also, a TI MSP430 microcontroller is employed to drive and control the MEMS mirror to keep the scanning steady in the piston mode.
B. Experimental Results
For a comparison, the MEMS mirror was driven by a pair of the exactly same ramp signals with the amplitude of 3.5V at 0.2 Hz without any tilting compensation firstly, When the system starts to run after the optical alignment finished, the interferograms of the reference light and the testing light, which are generated during a single moving stroke of the MEMS, are obtained concomitantly from the photo detectors, as shown in Figures 16 (a) and (b) , respectively. At the beginning, the interferogram signals have good contrast. Then due to the MEMS tilting effect that increases with the drive voltage increasing, the interferogram signals become degraded seriously and the fringe contrasts are reduced drastically and the fringes disappear completely starting from only a quarter of the full stroke.
When an open-loop control is implemented using the microcontroller, a pair of corrected ramp driving signals, generated by the microcontroller, are applied to the two actuators of the MEMS mirror. The frequency and amplitude are still 0.2 Hz and 3.5 V, respectively. In this case, the mirror plate tilting was drastically reduced within ±0.002°as mentioned above, However, due to the strong nonlinear response at low drive voltage as shown in Figure 5 (a), the actual velocity of the MEMS mirror is not a constant, which leads to the interferogram signals with a varying fringe density in temporal domain and uneven data sampling. At low drive voltage, the mirror plate moves at slow speed, so the fringe density is small; while with the drive voltage increasing, the mirror plate moves faster, so the fringes become denser.
Thus before recovering the spectrum via Fast Fourier Transform (FFT) from the raw interferogram signal of the testing light source, a specific data process, as briefly shown in Figure 18 , is implemented to compensate the variable velocity of the MEMS mirror, so that the interferogram signals are converted from temporal domain into spatial domain with even spatial sampling.
As the wavelength of the reference light is known as 632.8 nm, the temporal data of the OPD with even intervals scanned by the MEMS mirror is accurately calculated based on the reference interferogram signal. As shown in Figure 19 , the total OPD achieved is about 450μm per scan, which means the actual displacement of the mirror plate with ultra-low tilting reaches up to 225μm for a single stroke which is about 34.6% of the full capable scan range of the micromirror. Then the Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) interpolation is employed to convert the testing light interferogram data into an evenly sampled interferogram data of the testing light in the spatial domain, as shown in Figure 20 .
After that, the spatial domain interferogram is transformed into a spectrogram via FFT and Mertz phase correction [13] . The corresponding spectrum of the testing light source can be recovered finally.
As mentioned above, the mirror plate tilting will lead to the spectral resolution degradation in the FTS system. Here Figure 21 shows the spectrum recovered from the testing light from the raw data shown in Figure 16 , obtained in a system without any tilting compensation.
It is obvious that the quality of the spectrum measured is very poor and has relatively large noise at the low wavenumbers. Because of the serious tilting effect, the misalignment of the MEMS mirror relative to the fixed mirror is introduced, Fig. 21 . The spectrum recovered from the testing light in the system without tilting compensation. which results in the diminishing interferograms during the MEMS scanning. In consequence, the usable OPD scan range is only a small fraction of the total MEMS mirror scan range. Theoretically, the resolution corresponds to the reciprocal of the usable OPD scan range where the interferogram fringes modulation does not have significant loss [12] . Thus, in the case where the mirror plate tilting is not compensated, the spectral resolution is as low as about 160cm −1 or 4.53nm at 532nm in wavelength.
Therefore, it is essential to compensate the MEMS tilting for improving the spectral performance of our compact FTS system. Figure 22 shows the spectrum recovered of the testing light in the system with an open loop control. As the tilting is compensated, the quality of the spectrum in Figure 22 is improved greatly. The noise level at the low wavenumber range is reduced significantly and the overall SNR is also much improved. The spectral peaks of the testing light, which is a mix of the He-Ne laser and the green laser as we defined, are detected accurately and clearly at 15800cm −1 and 18790 cm −1 or 632.9 nm and 532.2 nm in wavelength respectively. Since the Gaussian windowing is employed for apodization, the theoretical value of the FWHM resolution is given by 1.17/OPD [14] . So the 450μm OPD scanned should result in a theoretical resolution of 26 cm −1 , corresponding to 0.75 nm at 532 nm. In our experiment, the measured FWHM resolution is 40 cm −1 , corresponding to 1.1 nm. The main reason for the difference between the theoretical and experimental results is believed to be caused by the residual tilting. Additionally, due to the relatively slow MEMS scan (0.2 Hz), some environmental effects such as vibrations, and even temperature fluctuations may introduce errors on the OPD, leading to a broadened spectral bandwidth.
VI. CONCLUSION
In this paper, a centimeter-sized Michelson interferometer with a large scan range electrothermal MEMS mirror and other optical components all integrated on a micro-machined SiOB has been successfully demonstrated. A compact FTS system based on this MEMS interferometer has also been built and tested. The MEMS mirror designed with an extended connection for the actuators works well, and by using an open-loop control method, the MEMS mirror plate tilting is drastically reduced down to <±0.002°. The matchbox-sized FTS system demonstrates a linear 450μm OPD scan range and a spectral resolution of 40cm −1 , or 1.1nm at 532nm, which is comparable to some commercialized portable spectrometer products, e.g., NIRQuest256-2.5 (Ocean Optics, Inc.)'s 9.5 nm at 900nm, or 122 cm −1 resolution [15] , and NeoSpectra SWS62221(Si-Ware Systems, Inc.)'s 8nm at 1550nm, or 33 cm −1 resolution [16] .
According to the principle of FTS, a complete spectrum measurement from 0 to +∞ (in wavenumbers) can be achieved theoretically [12] . Wide spectral range is a significant advantage of FTS over grating based and Fabry-Pérot based spectrometers which suffer the issue of free spectral range (FSR) limitation. Even though our system demonstrated only in the visible range currently, it can be easily extended to NIR or MIR range, if proper photodetectors and other optical components are available, without degradation of spectral resolution which is still determined by the maximum OPD scan range of the MEMS. In addition, since the allowable tilting angle becomes larger for longer wavelengths, according to Eq. (2), the tilting effects on spectral properties in our system will actually be reduced.
For future work, a better control method can be developed for reducing the tilt angle more efficiently and maintaining the MEMS mirror movement more steadily during even larger displacement piston scans. Meanwhile, broadband spectroscopy verification in the NIR range will be carried out.
